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Knitted nitinol represents a new generation of
constrictive external vein graft meshes
Peter Zilla, MD, PhD,a Loven Moodley, FCS(SA),a Michael F. Wolf, BS,b Deon Bezuidenhout, PhD,a
Mazin S. Sirry, MSc,a Nasser Rafiee, BS,b Wilhelm Lichtenberg, FCS(SA)a Melanie Black, MSc,a and
Thomas Franz, PhD,a Cape Town, South Africa; Minneapolis, Minn; and Danvers, Mass
Objective: Constriction of vein grafts with braided external nitinol meshes had previously led to the successful elimination of
neointimal tissue formation.We investigatedwhetherpulse compliance, smallerkink-freebendingradius, andmildermedial atrophy
can be achieved by knitting the meshes rather than braiding, without losing the suppressive effect on intimal hyperplasia.
Methods: Pulse compliance, bending stiffness, and bending radius, as well as longitudinal-radial deformation-coupling and
radial compression, were compared in braided and knitted nitinol meshes. Identical to previous studies with braided mesh
grafts, a senescent nonhuman primate model (Chacma baboons; bilateral femoral interposition grafts/6 months) mimicking
the clinical size mismatch between vein grafts and runoff arteries was used to examine the effect of knitted external meshes on
vein grafts: nitinol mesh-constricted (group 1); nitinol mesh-constricted and fibrin sealant (FS) spray-coated for mesh
attachment (group 2); untreated control veins (group 3), and FS spray-coated control veins (group 4).
Results: Compared with braided meshes, knitted meshes had 3.8-times higher pulse compliance (3.43  0.53 vs 0.94 
0.12%/100 mm Hg; P  .00002); 30-times lower bending stiffness (0.015  0.002 vs 0.462  0.077 Nmm2; P 
.0006); 9.2-times narrower kink-free bending radius (15.3 0.4 vs 140.8 22.4 mm; P .0006), and 4.3-times lower
radial narrowing caused by axial distension (18.0%  1.0% vs 77.0%  3.7%; P  .00001). Compared with mesh-
supported grafts, neointimal tissue was 8.5-times thicker in group I (195  45 m) vs group III (23.0  21.0 m; P <
.001) corresponding with a 14.3-times larger neointimal area in group I (4330  957  103 m2) vs group III (303 
221 103 m2; P < .00004). FS had no significant influence. Medial muscle mass remained at 43.4% in knitted meshes
vs the 28.1% previously observed in braided meshes.
Conclusion: Combining the suppression of intimal hyperplasia with a more physiologic remodeling process of the media,
manifold higher kink-resistance, and lower fraying than in braided meshes makes knitted nitinol an attractive concept in
external vein graft protection. (J Vasc Surg 2011;54:1439-50.)
Clinical Relevance: A main reason for vein graft failure is neointimal hyperplasia and its associated pathology. Low shear
stress and high circumferential wall stress play a key role in the development of flow-limiting neointimal tissue. By
reducing the diameter and concomitantly increasing the flow velocity, radially constrictive external meshes were shown to
nearly eliminate intimal hyperplasia. The introduction of a knitted mesh consisting of superelastic nitinol led to a more
artery-like remodeling. Together with a higher kink resistance and less fraying, it holds high promise for the acute as well
as the medium-term to long-term fate of vein grafts.
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doi:10.1016/j.jvs.2011.05.023Attempts to improve vein graft performance through
xternal mesh support go back several decades.1-6 More
ecently, diameter constriction has emerged as a key prin-
iple of mesh protection.7-9 Reducing the size mismatch
etween vein grafts and runoff arteries constriction leads to
educed circumferential stress and increased shear stress
nd thereby inhibits neointimal tissue formation.10,11 Yet,
xternal mesh support also introduces foreignmaterials and
tructures, both associated with peculiar biomechanics,
iocompatibility, and tissue responses. Nonpervious
eshes, for instance, augmented rather than mitigated
ntimal hyperplasia (IH).5 Similarly, polymeric mesh mate-
ials are known to cause a strong foreign-body inflamma-
ory response associated with the release of inflammatory
ytokines that may induce (IH).12
Alternatively, metals have been used for vascular stents
or 2 decades and are known to elicit hardly any inflam-
atory response. Initial attempts to use loosely braided
etal meshes for external vein support were already re-
orted in the 1990s.13 Apart from mitigating neointimal
issue formation, they protected the vein grafts against
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November 20111440 Zilla et alcompression and deformation.14 Our own group used
metal meshes to demonstrate that to achieve optimal sup-
pression of diffuse IH,7 the degree of overall constriction
needs to aim at a diameter match of vein graft and host
artery.8 Furthermore, by introducing the superelastic shape
memory alloy nitinol as a mesh material, persistent longi-
tudinal pleating of braided meshes became possible,
thereby allowing the extreme constriction of vein grafts
without the occurrence of wall folding.
However, as much as braided nitinol meshes were
capable of proving the importance of graft constriction in
the absence of an appreciable inflammatory response, they
do not optimally address other crucial aspects of mesh
support. One of these aspects is the need to eliminate
diameter irregularities. By eradicating the eddy blood
flow accompanying luminal irregularities, constriction to
a constant diameter would address not only diffuse but
also focal IH.15
Because braided meshes “snuggle” against a vein wall
like “Chinese finger catchers,” their capacity to maintain a
constant diameter is limited. Moreover, it is almost inevi-
table to avoid longitudinal stretching of braided meshes
during placement. As a consequence, additional unin-
tended constriction ensues unless a spacer rod or full-
length balloon is inserted into the lumen,16 a measure that
would lead to significant endothelial damage. Therefore,
ideal meshes would have a structure that does not lead to
unrestricted diameter narrowing when stretched.
Apart from the need for diameter-consistent meshes, it
is biologically desirable to also integrate a certain degree of
pulse compliance. The dramatic atrophy of the media seen
in veins supported by noncompliant meshes6-8 confirmed
previous observations that pulsed circumferential deforma-
tion is needed for maintaining a certain thickness of the
media. A functionally responsive and well-developed media
is desirable because vascular smooth muscle cells release
factors with long-term physiologic effects on endothelial
cells.17,18 Other issues, such as fraying and the bending
radius, also contribute to the surgical performance of ex-
ternal vein meshes; thus, a second-generation of vein
meshes needs to address a variety of structure-related as-
pects that go beyond the baseline need of constriction.
We therefore assessed a nitinol mesh structure with
interlocking loops against the previously established braid.
Once the physical test data suggested that the desired
improvements to themesh structure had been achieved, the
knitted meshes were used for vein graft constriction in
long-term primate implants.
MATERIALS AND METHODS
Nitinol meshes. On the basis of previous diameter
optimization in the same animal model7,8 and for compar-
ative purposes, an inner diameter of 3.39/3.37 mm (at
120/80 mm Hg) was chosen for the nitinol meshes. Ni-
tinol (BB Ni-Ti alloy, at wt%: nickel, 56.0; titanium,
43.9365; carbon, 0.033; oxygen, 0.028; and hydrogen,
0.0025) 50-m-thick wires (Fort Wayne Metals, Ft.
Wayne, Ind) were braided using a 24-wire braiding ma- (hine (Medtronic Vascular, Danvers, Mass) or were knitted
sing a knitting machine with an eight-needle head (Lamb
nc, Chicopee, Mass; Fig 1). Three samples of type of mesh
ere used for the measurement of physical properties and
our samples were used for compliance testing.
Mesh surface area. The nitinol surface area was calcu-
ated from the mass of the mesh/unit length, the material
ensity of nitinol (6.45 g/cm3), and the diameter of the
itinol wires (n 3). The nitinol surface area was related to
he area of the abluminal surface of the vein inside the mesh
t a resting diastolic pressure of 80 mmHg. The adventitial
urface area of the vein was calculated by assuming the
uter diameter of the vein to coincide with the inner
iameter of the mesh.
Pulse compliance. Compliance was measured by vol-
metric displacement testing using a DCT3 Compliance
ester (Dynatek Dalta, Galena, Miss). The mesh sample
n  4) was placed over a hypercompliant silicon tube,
nflated with distilled water (37°C), and the internal pres-
ure was cycled at 70 beats/min between 80 and 120 mm
g. The change in water volume between the two pressure
alues was monitored and subsequently used to calculate
adial compliance under compensation of the stiffening
ffect of the silicon tubing. Pulse compliance was expressed
s the percentage of diameter expansion between diastole
ig 1. Macrophotograph compares (left) a braided mesh and
right) a knitted mesh. The knitting pattern is uneven with large
oops alternating with narrow ones.80 mm Hg) and systole (120 mm Hg).
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Volume 54, Number 5 Zilla et al 1441Bending stiffness and radius. The bending stiffness
was determined from a deflection test in air at room tem-
perature of mesh samples (n  3). A rod was inserted into
the mesh samples and the maximum deflection of a free
length of mesh (20 mm for knitted, 40 mm for braided)
due to the mesh’s weight was measured with a ruler. The
bending stiffness (EIy) was calculated according to the
formula.
EIy
5ql 4
384fm
where q is the weight per unit length, l is the sample
length, and fm is the deflection.
The bending radius (rb) of the braided mesh was calcu-
lated from the deflection test data using the equation:
rb
l2 f m
2
2fm
A cone test was used to measure the bending for the
knitted mesh. The two different methods were required
due to the large difference in bending stiffness of the two
mesh types, rendering the cone test unsuitable for the
braided mesh, whereas the mathematic calculation could
not be applied to the knitted mesh.
Longitudinal-radial deformation coupling. The
coupling of longitudinal and radial (ie, transverse) defor-
mation was assessed in uniaxial tensile testing (Instron
5544; Instron, Norwood, Mass) of three mesh samples in
air, at room temperature (sample length, 55 mm; gauge
length, 40 mm). The samples were distended longitudi-
nally until the tensile force rose sharply, indicating an onset
of locking. Longitudinal extension and force were recorded
during the test. At 5% increments of longitudinal strain,
macroscopic images (Canon D60, Canon, Tokyo, Japan)
of the mesh were recorded to document the radial dimen-
sion of the mesh. The mesh diameter was measured in each
macroscopic image using Photoshop digital image analysis
software (Adobe Inc, San Jose, Calif).
Radial compression. The resistance against radial
compression was determined in uniaxial compression test-
ing (Instron 5544) of three 40-mm-long samples in air at
room temperature. Samples were compressed radially to a
maximum compression of 75%. Compression extension
and force were recorded during the test. Samples were
restrained longitudinally by fixing 5mmof either end to the
test head.
Experimental surgery. This study was approved by
the Institutional Review Board of the University of Cape
Town. Surgery and animal care complied with theGuide for
the Care and Use of Laboratory Animals (Institute of Lab-
oratory Animal Resources, Commission on Life Sciences,
National Research Council. Washington: National Acad-
emy Press, 1996).
The breeding and quarantine facilities of the South
African Medical Research Council (MRC) at Delft/Cape
Town provided 12 adult Chacma baboons (27.0 5.1 kg).
Superficial femoral veins were used for 24 bilateral femoral ortery interposition grafts (length, 55.6  5.4 mm; n 
/group), which were previously shown to resemble hu-
an saphenous vein grafts in size mismatch and wall com-
osition.7,8 One implantation in each animal was a control
raft, whereby the implantation side for the mesh grafts
lternated between successive animals.
Vein harvest methods strictly followed no-touch prin-
iples to prevent spasm and thus allowed for the assessment
f in situ dimensions. Meshes were applied by gently pull-
ng the veins through an introduction straw on which the
itinol mesh was mounted. The anastomoses were com-
leted with running 7-0 Prolene suture (Ethicon Inc,
omerville, NJ), the mesh was briefly slipped back toward
he middle of the graft, and the cross-clamp was intermit-
ently opened to allow the measurement of the outer
iameter of the distended vein graft without nitinol mesh
upport.
Two groups were additionally sprayed with Tisseel
Baxter, Deerfield, Ill) fibrin sealant (FS) after the cross-
lamp was removed to determine a possible biologic effect
ig 2. Tensile force and radial contraction (narrowing) are shown
s longitudinal strain (stretch) of the braided and knitted mesh
amples. The error bars show the standard deviation.
ig 3. Compression force vs compression displacement is shown
or braided and knitted meshes. The error bars show the standard
eviation.f the attachment glue for the mesh.
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November 20111442 Zilla et alAs such, four groups were compared: group I (mesh
constriction without FS; n  6); group II (mesh constric-
tion with FS; n  6); group III (controls without FS; n 
6); and group IV (controls with FS; n  6). No antiaggre-
gatory medication was given postoperatively.
All grafts were explanted after 180 days and were
perfusion-rinsed with heparinized Ringer solution before
perfusion fixation with 1 liter of 10% formalin in phosphate-
buffered saline using iliac cannulation (perfusion pressure,
120 mm Hg). Given the natural recoil tendency of a
nonpressurized artery, vessels were fixed at systolic pres-
sures to preserve those luminal dimensions for analysis,
which exist during the forward flow phase. The grafts and
the surrounding tissue were resected en bloc. A 15-mm-
long central specimen underwent macroscopic image anal-
ysis before it was further subdivided, embedded in resin,
and processed for electron microscopy.
Morphologic analysis. Macroscopic vein graft analy-
sis using image analyses of midgraft sections using
QWinPro 2.5 software (Leica Microsystems Imaging Solu-
tions, Buffalo Grove, Ill) was previously described in de-
tail.7,8 Macroscopically obtained luminal dimensions were
cross-checked with microscopic measurements calculated
from outer diameters, wall thicknesses of control samples,
the fixation-related shrinkage quotient, and previously de-
termined tissue compression within a mesh under arterial
pressures.7,8 Dimensional mismatch between vein grafts
and host arteries was expressed as the quotient (Qc) of
cross-sectional areas Qc  ah/ag whereby ah is the cross-
sectional area of the host artery and ag is the interposition
graft, with Qc  1 representing a perfect size match.
Resin histology. Wire-containing anastomotic and
midgraft sections were infiltrated with methyl methacrylate
resin (Sigma-Aldrich, Steinheim, Germany). Dynamic sam-
ple infiltration was done over 3 days through increasing
Table. Dimensional relations of vein grafts and runoff arte
weeks of implantationa
Group
SFA
In situ
ID OD
I
Mesh 3.26  0.45 4.07  0.43 5.
II
Mesh  FS 3.27  0.41 4.17  0.24 7.
III
Control 3.09  0.43 3.97  0.33 6.
IV
Control  FS 3.02  0.43 3.88  0.40 5.
FS, Fibrin sealant; FV, femoral vein; FVD, femoral vein distended; FVG, fem
artery.
aThe femoral Chacma baboon model provides a cross-sectional quotient
mismatch seen between vein grafts and target arteries in clinical coronary ar
diameter of mesh-supported grafts perfectly matches that of the runoff arter
bWithout mesh at implant.
cWith mesh at implant.concentrations of benzoyl peroxide, followed by cold cur- wng polymerization for 72 hours at –20°C under exclusion
f air. Initially, 100-m sections were cut with an Isomet
recision Saw (Buehler, Düsseldorf, Germany) and then
round to between 4 and 8 m with a Metaserve 2000
Buehler) grinder, using 600- and 1200-grit paper to pol-
sh. The resin was not removed, and the slides were stained
ith hematoxylin and eosin before being mounted with
lycergel (Dako Cytomation, Glostrup, Denmark A/S),
n aqueous mounting medium. Thin sections were cut on a
eica Polycut using a tungsten carbide blade, and the resin
as removed with 2-methoxyethylacetate to enable stain-
ng with elastic Masons and Movat. Two series, approxi-
ately 300 m apart, were analyzed. Specimens were
iewed under a Nikon E 1000M and a Nikon Coolscope
Nikon, Tokyo, Japan).
Image analysis. We used Eclipse Net software (Labo-
atory Imaging, Prague, Czech Republic) to assemble com-
osite images from single-frame digital images that were
aptured at original magnification 4 or 10 (Nikon
clipse 90i and Nikon Coolscope). Lumen and mesh di-
ensions were obtained from resin sections. Intimal hyper-
lasia tissue was discernible by its demarcation through a
argely present internal elastic lamella (IEL). Muscularity
as defined as the partial cross-sectional area of media
mooth muscle cells within the boundaries of the media.
fter delineating the media between the internal elastic
embrane and the adventitia, the measured actin-positive
rea was subtracted and expressed as a percentage of the
otal cross-sectional area of the media.
Scanning electron microscopy. Samples were pre-
ared for scanning electron microscopy,7,8 and images
ere digitally captured by Orion 5.20 software (Orion,
russles, Belgium) at original magnification 15. Surface
ndothelialization was quantified using Scion Image Soft-
before and after mesh support and before and after 24
FV
In situ Distended
OD ID OD
0.94 7.00  1.36 6.86  1.03 7.82  1.07
1.10 7.82  1.19 7.99  1.41 8.90  1.41
1.02 7.22  0.99 7.20  1.05 8.07  1.01
1.29 6.88  1.30 7.39  1.11 8.38  1.14
ein graft; ID, inner diameter; OD, outer diameter; SFA, superficial femoral
f 0.18 to 0.24 without mesh support, moderately exaggerating the size
ypass grafting. Taking a degree of mesh expansion into account, the inner
e time of explantation.ries
ID
81 
00 
35 
89 
oral v
(Qc) o
tery b
y at thare (National Institutes of Health, Bethesda, Md). When
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Volume 54, Number 5 Zilla et al 1443the low-magnification pictures were inconclusive, zooming
in on parallel live images allowed verification.
Faxitron analysis. The integrity of the nitinol mesh at
explantation was assessed by analysis of images obtained
with the Faxitron MX20 (Faxitron X-ray Corporation,
Lincolnshire, Ill) using a 35-kV setting. A scoring system
was applied for wire breakage, whereby 0 was intact, 1
represented isolated, single-wire breakage, and 2 docu-
mented extended damage areas.
Statistical analysis. Post hoc comparisons between
continuous data sets (n  6) were performed using the
Student unpaired t test. Endothelial confluency data, which
were seen to have unequal variances, were compared using
nonparametric Kruskal-Wallis and Wilcoxon testing. Pa-
tency data were compared using the Fisher exact test.
Two-tailed values of P .05 were regarded as demonstrat-
ing statistical significance.
RESULTS
Biomechanical mesh characterization. Knitted meshes
required less wire material per mesh length than braided
ones. The nitinol mass of knitted meshes was 19% less than
that of braided meshes (0.388  0.004 vs 0.478  0.017
g/m; P  .0008) and the mesh surface area was 19% less
(0.45 0.01 vs 0.56 0.02 mm2/mm2; P .0008). The
pulse compliance of knitted meshes was 3.8-times that of
braided ones, at 1.36%  0.20% (3.43  0.53%/100 mm
Hg) vs 0.36% 0.04% (0.94% 0.12%/100 mmHg; P
.00002), whereas the bending stiffness was 30-times lower
in knitted (0.015  0.002 Nmm2) vs braided meshes
(0.462 0.077Nmm2; P .0006). The kink-free bending
radius was 9.2-times narrower in knitted meshes (15.3 0.4
mm) vs braided (40.8  22.4 mm; P  .0006). When
exposed to axial distension, knitted meshes reached their
limit at a moderate length increase of 18.8%  2.6% com-
Table. Continued.
Qc
SFA/FVD
b
FV graft
At implant
ID OD
0.24  0.10 2.83  0.03 3.68  0.00
0.18  0.06 2.86  0.13 3.77  0.00
0.20  0.07 7.20  1.05 8.01  1.01
0.18  0.06 7.39  1.11 8.38  1.14pared with 60.3%  2.5% in braided ones (P  .00004). tSimilarly, the maximal radial contraction caused by
xial distension was 18.0%  1.0% in knitted meshes vs
7.0%  3.7% in braided ones (P  .00001; Fig 2). This
imitation of radial contraction in knittedmeshes was less an
ssue of fundamentally different radial contraction behavior
han the consequence of the rapid locking of the knitted
eshes in response to axial strain (Fig 2). Radial compres-
ion tests indicated a nearly linear increase of the compres-
ion force with the compression displacement and radial
ompression stiffness of 0.778  0.215 N/mm for the
raidmesh and 0.136 0.003N/mm for the knittedmesh
P  .007; Fig 3).
n vivo performance of knitted meshes
Graft dimensions. Confirming the clinical relevance
f the model, unconstricted vein grafts had a 6.05 
.35-times larger cross-sectional luminal area than the tar-
et vessels (group I, Qc  0.24  0.10; group II, Qc 
.18 0.06; group III, Qc 0.20 0.07; and group IV,
c  0.18  0.06; Table). External mesh constriction
liminated this size discrepancy (Figs 4 and 5). By narrow-
ng the graft inner diameter to 39.6% 4.9% of its original
ize, vein graft dimensions became even mildly smaller than
hose of the target arteries (group I, Qc  1.39  0.25
P  .0000002]; group II, Qc  1.31  0.25 [P 
00000007]; Figs 4 and 5). Although mesh constriction
aused a 57.5%  6.2% redundancy in the outer vein graft
ircumference, none of the vein grafts showed signs of
ongitudinal folding at explantation.
At 6 months, grafts in the untreated control group
group III) had undergone moderate dilatation, reflected
n a 25.0%  13.6% (P  .1, NS) increase in subintimal
iameter (SID). This trend was not observed in the FS-
prayed control group (0.4%  17.3%; P  .9, NS). Be-
ause graft dilatation had largely been counteracted by IH,
Qc
SFA/FVG
c
FV graft
At explant (24 wks)
ID Patency
1.39  0.29 3.25  0.10 4/6
1.31  0.25 3.59  0.46 5/6
0.20  0.07 7.16  0.50 4/6
0.18  0.06 5.46  1.01 4/6he inner diameter of group III had remained unchanged
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November 20111444 Zilla et al(–0.6%; P  .09 NS), whereas that of group IV had
decreased by 26.1% (P  .02). In the mesh-supported
groups, vein graft dilatation (SID) in group I (17.5% 
7.5%; P  .00001) and group II (22.3%  4.4% P 
.000003) corresponded with mesh dilatation of 15.1% 
5.4% for group I, and 24.8%  7.2% for group II. In the
absence of neointimal tissue, these increases in SIDs trans-
lated into increases in actual inner diameters of 15.0% in
group I (P  .0000002) and 25.2% in group II (P 
.006).
Correspondingly, cross-sectional quotients remained
largely unchanged in the group III controls (Qc  0.19 
0.09; P  .3, NS) but increased—albeit without statistical
significance—in the group IV FS-sprayed controls (Qc 
0.30  0.14; P  .9, NS), reflecting a continual size
mismatch between vein grafts and their runoff artery. In the
mesh-supported groups, dilatation offset the initial over-
correction, leading to almost size-matched inner diameters
of grafts and target vessels at explantation, with Qc 1.09
0.33 in group I (P  .3, NS) and 0.94  0.37 in group II
(P  .7, NS).
Graft pathology. In all four groups, four of six grafts
were patent at 180 days. There was no significant correla-
tion between graft occlusion and individual animals be-
cause only one occluded graft in each group had an oc-
Fig 4. Anastomotic region of a control graft and a mesh-
supported vein graft are shown at implantation. Although the
control graft shows the typical size mismatch of the femoral model
between the vein graft and the target artery, the mesh graft shows
that a vein constriction was chosen that reduced the graft diameter
even mildly below that of the artery. One can clearly see that the
contractility of the vein allows such a distinct diameter constriction
without wall folding.cluded contralateral corresponding graft. The patent grafts dn both control groups showed a thick, whitish vessel wall at
he time of explantation (Fig 6). On a microscopic level,
all thickness of controls almost doubled, to 99.3% in
roup III (P  .0002) and to 82.5% in group IV (P 
0006). Although the wall thickness of FS-sprayed controls
as an average 30.8% thicker than untreated ones, the
ig 5. The cross-sectional discrepancies between vein grafts (blue
nterrupted lines) and their target arteries (red circles) at the time of
mplantation and at explant are shown in this illustration. In the
ontrol group, the only mildly increased cross-sectional quotients
Qc from 0.20 to 0.18) betray the degree of intimal hyperplasia,
ecause a 25% subintimal dilatation was compensated by neointi-
al tissue. In the controls sprayed with fibrin sealant (FS), the
ypically stronger wall fibrosis led to a 26.1% decrease in subintimal
iameter, exaggerated by distinct neointimal proliferation (Qc
rom 0.16 to 0.30). In both mesh groups, an almost perfect size
atch was obtained after 6 months of implantation resulting from
ild dilatation of the initially slightly overconstricted meshes.ifference was nonsignificant (P  .1).
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Volume 54, Number 5 Zilla et al 1445The mesh-supported groups showed a thin vessel wall.
The tissue between the blood surface and the mesh was so
delicate that the mesh was visible from the blood side (Fig
6). Yet, an overall increase in wall thickness of 48.6% in
group I (P .04) and 43.7% in group II (P .06, NS) was
observed histomorphologically over the course of 6
months.
Endothelium. Although 38% of mesh-supported
grafts showed an uninterruptedly confluent endothelium vs
none in the control groups at explant, the overall difference
in surface coverage (91.0%  8.9% vs 79.2%  15.9%) was
not significant (P .2). None of the grafts showed less than
two-thirds of their surface had confluently endothelialized.
Midgraft IH. Both control groups showed distinct
neointimal hyperplasia tissue (Fig 7), which was sometimes
mildly eccentric. Mesh-supported vein grafts had largely a
Fig 6. Macroscopic appearance of vein grafts after 6 months of
implantation.Top,The control grafts showed a thickened, whitish
vessel wall and a distinctly larger diameter. Bottom, The mesh-
supported grafts had a delicate, translucent wall, with the mesh
visible throughout.monolayer of endothelium resting on a thin layer of loose acellular matrix (10 m thick) or a thin neointima con-
isting of a few layers of cells positive for -actin. The latter
eemed to be associated with areas of wire breakage.
Compared with mesh-supported grafts, neointimal tis-
ue was 8.5-times thicker in group I (23.0  21.0 m) vs
roup III (195 45 m, P .001), corresponding with a
4.3-times larger neointimal area of 303  221 vs 4330
57  103 m2 (P  .00004; Fig 8). FS spraying had no
ignificant effect on neointimal hyperplasia: intimal thick-
ess increased 1.6-times in controls (P  .2 NS) and 1.5
imes in mesh-supported (P  .4, NS); and intimal area
ncreased 1.3-times in controls and 1.6-times in mesh-
upported (P  .2, NS).
Anastomotic IH. Meaned over 2.5 mm from the
ig 7. Histologic cross-sections of midgrafts at identical magni-
cation (stitched at original magnification 40; Azan stain) show
he marked diameter difference between (top) control grafts and
bottom) mesh-supported grafts. The methacrylate-embedded,
ungsten-cut section of the mesh graft shows the nitinol wires
emarcating the delicate vessel wall from the surrounding tissue. A
istinct layer of diffuse neointimal tissue narrows the lumen of the
ontrol grafts by almost a millimeter (see length bar).nastomosis, neointimal tissue was 1.6-times thicker than
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November 20111446 Zilla et alin the midgraft region in controls (NS) and 3.7-times
thicker in mesh-supported grafts (NS). When measured
directly at the anastomosis, it was 1.5-times thicker in
controls (NS) and 2.7-times thicker in mesh-supported
grafts (NS). FS spraying had no significant effect in controls
and mesh grafts. Yet in absolute terms, NIH was still
manifold thicker in controls than in mesh grafts. This
difference was more pronounced at the proximal anasto-
mosis, where it was 5.3-times without FS (328  95 vs
62 41 m; P .01) and 8.0-times with FS (311 54 vs
39  26 m; P  .0004) than it was at the distal anasto-
mosis, where it was 2.9-timeswithout FA (457302 vs 35
13 m; NS) and 2.4-times with FS (296 230 vs 31 15
Fig 8. Comparison of (top) intimal thickness and (bottom) in-
timal area between the groups. Nonmesh-supported control grafts
showed an 8.5-times higher intimal thickness and 14.3-times
higher intimal area than mesh grafts. In both groups, spraying with
fibrin sealant (FS), as a means to firmly attach the mesh to the vein
wall, led to more pronounced neointimal proliferation.m; NS). rMedia. The “arterialization” of vein grafts over time
as not accompanied by an increase in smooth muscle
olume in the control grafts. Because a moderate increase
nmedia thickness, from 110.3 19.0 to 178.8 38.2m
P .0005), was coupled with a distinct drop in muscular-
ty, from 60.1%  13.9% to 32.7%  14.34% (P  .003),
here was even a 17.2% decrease in muscle mass observed,
rom 1678 633 to 1199 737 103 m3/mm (P .2
S). There were no significant differences between FS-
reated and untreated controls. In mesh-supported vein
rafts, media thickness decreased by 41.6%, from 77.6 
0.7 to 45.3  25.6 m (P  .06 NS). As muscularity
emained stable (60.1%  13.9% vs 62.7%  18.6%; P 
9), the overall muscle mass decreased by 56.6%, from
190  449 to 538  267 103 m3/mm (P  .004).
here was a trend toward more circular orientation of the
elatively densely packed smooth muscle cells in the mesh-
upported groups (Fig 9). The anastomoses media thick-
ess was 2.8-times higher in controls (NS) and 3.5-times
igher in mesh grafts (NS), with no influence of FS or distal
r proximal location.
Adventitia. Mesh support led to a dramatic reduc-
ion in adventitial thickness: –55.3% (P  .006) without
S and –40.1% (P  .005) with FS (Fig 7). The effect of
S was insignificant with regard to adventitial thickness, at
11.2% (NS) in controls and 68.7% (NS) in mesh-
upported veins. Yet, the outer capsule appeared thicker
nd the overall collagen content higher in the FS-treated
roups.
Faxitron assessment of mesh integrity. None of the
ccluded grafts showed any signs of wire breakage. In the
atent grafts, 63% of meshes showed local signs of
ire breakage at the narrow loops of the knit close to the
roximal anastomosis near the hip joint (Fig 10). Half of
he affected meshes showed breakage was limited to a few
djacent wires along one longitudinal row of loops, whereas
he other half showed similar lines of adjacent wire break-
ges in two, or at the most, three neighboring rows of wire
oops (Fig 10). None of the meshes showed multiple sites
f wire breakage.
ISCUSSION
An external nitinol mesh for vein grafts was developed
hat introduced the concept of stretch-resistant diameter-
onstancy, pulse-compliance, and fraying resistance. Using
n identical animal model and the samemesh diameter as in
revious studies, we showed that a knitted structure signif-
cantly improved the handling characteristics and biome-
hanics of braided meshes, without reducing their dramatic
ffect on the suppression of IH.
This low-throughput animal model was chosen be-
ause of the similarity in vascular pathobiology between
arge, senescent Chacma baboons and man.17,18 Because it
s a nonhuman primate model, a conscientious effort was
ade to keep the number of control groups to a minimum.
Overall, the advantages of a knitted mesh structure
eached from better kink protection to a more physiologic
emodeling of the vein grafts. From the surgical standpoint,
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Volume 54, Number 5 Zilla et al 1447the markedly lower bending stiffness and kink-free bending
radius of knittedmeshes can be expected to promote higher
vein graft flexibility than braided meshes, thereby allowing
an easier adaptation of the graft to anatomic requirements.
Because the kink-free bending radius was more than nine-
times narrower than that of the braided meshes, the antic-
ipated effect was significant. The vein is abluminally glued
to the mesh; therefore, the kink-free radius and the differ-
ence thereof between the two mesh types is expected to
remain similar. Also supporting this is that the mechanical
contribution of the pressurized vein inside the mesh is the
same for knitted and braided mesh.
Despite the low bending stiffness, knitted meshes ex-
hibited a higher resistance against longitudinal stretching
and the associated radial narrowing than braided ones. The
Fig 9. Double-stain (CD31, -actin, and 4’,6-diamidino-2-
phenylindole [DAPI]) of methacrylate-embedded and tungsten-
cut mesh graft. A monolayer of CD31 endothelial cells lies
loosely on the autofluorescing, yellow internal elastic lamella that
separates it from the media. The strongly -actin media consists
of densely compacted smooth muscle cells with elastin fibers
interspersed. The longitudinal orientation of the DAPI nuclei
underlines the circumferential orientation of the smooth muscle
cells of the cross-section. The insert shows a well-preserved wire loop
of the nitinol mesh on a saw-ground section. Although the hemato-
xylin and eosin stains of such sections do not allow the color distinc-
tion between structures, one can still recognize the thin intima, the
well-developed, aligned media, and the pinker, collagen-rich
adventitia underneath the nitinol struts compared with the looser
outside tissue.radial constriction resulting from longitudinal stretching eas initially even higher in the knitted (y  0.0174  2 
.94x; R2  0.9995) than in the braided meshes (y 
.0136  2  0.42x; R2  0.9965). Longitudinal stretch
nd radial contraction were arrested as early as at 19% and
8%, respectively. In contrast, braided meshes permitted
ongitudinal stretching of 60%, resulting in radial narrow-
ng by as much as 77%.
As a consequence of the arrest of longitudinal and radial
eformation, knitted meshes can be expected to provide
uperior length and diameter stability for vein grafts during
he implant procedure and thereafter. This becomes impor-
ant when considering that physiologically, axial forces
nduced by transmural pressure reach 0.6 N at a moderate
ystolic pressure of 100 mm Hg.19 At one-third of these
xial forces (0.2 N), braided meshes had already undergone
n almost maximum longitudinal stretch associated with a
hree-quarter diameter constriction, whereas knitted
eshes stretched by a mere 11% and approached their
eformation arrest at a force of 0.6 N. Because the vein
raft is fixed at both ends when implanted, the effects of
arly deformation arrest in the knitted mesh is expected to
lay a role in prevention of localized deformation in sec-
ions of the graft rather than over the entire graft length.
In addition to the axial forces based on blood pressure,
ocalized deformations, such as radial bulging, may also
e induced by irregularities of the vein diameter, where the
imited deformation of the knittedmeshes promotes amore
ig 10. Faxitron picture of (top) an occluded graft and (bot-
om) a patent graft. The clip indicates the proximal side. In the
atent graft, wire breakages are visible in the proximal third, closer
o the area affected by hip bending. Breakages are exclusively found
t the interlocking angles of the wire loops of the knitted mesh
tructure. Breakages are absent in all occluded grafts, which indi-
ates that graft occlusions occur early and that hemodynamic strain
lso contributes to the tiring of struts.ven smoothing of the vein graft. To reduce this “Chinese
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November 20111448 Zilla et alfinger catcher” effect of braided meshes, full-length bal-
loons were inserted in initial clinical studies to avoid graft
constriction.16 However, apart from added complexity, the
associated endothelial damage would not be compatible
with contemporary no-touch approaches to vein harvest-
ing.20 Moreover, even the lower compression stiffness of
knitted meshes may not be a disadvantage because the
higher resistance of the braid is an integral part of the
generally stiffer and less flexible nature of this mesh.
This stiffness is also reflected in the practically absent
recoil compliance of braided meshes, despite the use of a
superelastic material such as nitinol. The term compliance
needs to be defined because it is often used for outward
expansion rather than full hysteresis. The pulsatile recoil
compliance of an artery between the systolic and the dia-
stolic pressure is approximately 11.5% per 100 mm Hg.21
As a vein graft reaches full outward distension at 30 mm
Hg, which is below diastolic pressures, there will be no
“pulsatile” compliance in the arterial circulation without an
external support that actively pushes the vein wall back
during diastole. Although the pulse-compliance of knitted
nitinol meshes is less than half of that of an artery, it clearly
generates diastolic reverse-force under physiologic pres-
sures and, as such, pulsatility.
The media of blood vessels is a sensor organ for the
biomechanical forces during cardiac cycles. In capacity
vessels, such as veins that hold 85% of the circulating blood
volume without being exposed to pulse pressures, a colla-
gen-rich media, with a 45° smooth muscle cell orientation,
provides an optimal adjustment tool for volume changes.
In arteries, where resistance and pulse absorption are in the
foreground, a smooth muscle cell–rich, circularly oriented
media best addresses these needs.
Conventional vein grafts are adventitially locked in full
distension and thus their media does not encounter pulsa-
tility. The result, which is often wrongly termed arterial-
ization, is actually a distinct atrophy of smooth muscle cells
accompanied by the doubling of intercellular colla-
gen.7,8,22 Given the physiologic importance of an arterial
media with regard to its interaction with the intima and also
its biomechanical shock absorber function, one additional
goal of mesh protection should therefore be a “true arteri-
alization” of the media of vein grafts.
When vein grafts were constricted by tight, braided
meshes, the degree of smooth muscle cell atrophy was even
more pronounced than in control veins, but in the absence
of collagen, it resulted in a densely compacted media of
approximately one-quarter of its previous thickness.8 In an
animal model identical to the current study, knitted meshes
led to a distinctly milder degree of atrophy, with almost
two-thirds of the media thickness preserved. In the absence
of sizable amounts of collagen in the compacted media,
smooth muscle cells showed a preferentially circular align-
ment approximating the media orientation of arteries.
In addition to kink resistance and pulse compliance,
another advantage of a knitted structure is its fray resis-
tance. Previous clinical trials showed support failures at the 1nastomosis of mesh grafts due to the proneness of braids
o fray.16
Because different wire densities are inherent to braids
nd knits, one could argue that the observed differences
etween the two structures merely reflect different void
imensions. The biomechanics of the braided meshes re-
ained relatively constant, even when the wire density
aried by a factor two,7 which indicates that the distinctly
ifferent characteristics of knitted meshes are inherent to
he structure rather than the wire density. However, al-
hough the braided mesh used had the lowest wire density
eported, it still contained significantly more nitinol per
ength than the knitted one.
Nitinol represents a particularly biocompatible material
ompared with polymers, but it nevertheless represents
oreign matter and providing superior biomechanical sup-
ort with less material is clearly desirable. Because the
imsy support mesh snuggles loosely against the vein wall,
ttachment before the pressure filling of the graft is crucial
uring surgery. Given the wide use of U.S. Food and Drug
dministration approved FS in surgery and its successful
pplication in previous studies with braided meshes,7,8,16 a
tudy that potentially represents a baseline investigation
nto a new device needed to exclude the possibility of FS
aving an effect on its own. Our results confirmed our
receding observation that more pronounced periadventi-
ial fibrosis resulted in a trend toward diameter shrinkage of
S-sprayed controls, without influencing the behavior of
esh grafts or the wall remodeling of any group.
The biomechanical characteristics of the knitted and
raidedmeshes differed significantly, but a basic underlying
rinciple of mesh protection—namely, the elimination of
he diameter mismatch between vein grafts and runoff
rteries—applied regardless. Conservatively emulating clin-
cal conditions of, for example, coronary artery bypass
rafts, where the Qc is 0.30,7 the nonmesh-constricted
ontrol grafts in our study had a Qc of0.25 and a four- to
ve-times higher cross-sectional area than the target artery.
hear stress declines nonlinearly with the power of three of
he vessel diameter; thus, such a distinct caliber mismatch
esults in a dramatic decrease in shear stress in the overdi-
ensioned vein graft.
Diffuse IH is triggered by low shear stress and high wall
tress; therefore, it follows from Poiseuille’s law that con-
trictive mesh sizes should counter neointimal prolifera-
ion. The estimated threshold for IH is a shear stress of 5
yne/cm2.23 In our previous studies, IH was almost com-
letely suppressed if the Qc was 0.45,7 a cross-sectional
essel/graft ratio at which this threshold value for shear
tress was exceeded. In our present study and its preceding
win study, where we used a braided mesh,8 the Qc was
1.3 and 1.4, respectively.
Inasmuch as the deliberate narrowing of an existing
essel triggers a surgeon’s apprehension, a small conduit
iameter is fundamentally different from luminal narrow-
ng caused by pathologic processes. No bypass conduit
ther than the internal thoracic artery, for instance, has a
0-year patency rate of 90%. Yet, its inner diameter is as
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Volume 54, Number 5 Zilla et al 1449small as 2.5 mm,7 and its intima is free of myofibrous
proliferation. In contrast, saphenous vein grafts, used for
coronary and infrainguinal bypasses, show diffuse IH in the
initial 6 to 18 months, followed by focal IH that eventually
lead to occlusive luminal narrowing in a significant propor-
tion of grafts. The triggers for focal IH are thought to be
turbulences as a consequence of diameter irregularities. As
such, although the short- to medium-term goal of mesh
constriction is to increase shear forces to protective levels,
the medium- to long-term goal is the elimination of lumi-
nal irregularities.
We have previously shown that an average diameter
constriction of 27% would eliminate diameter irregularities
in 98% of human saphenous vein grafts.24 Naturally, there
are limits to vein constriction, because folding of the vein
wall may be seen as detrimental. Yet, an analysis of 100
consecutive patients undergoing coronary artery bypass
operations showed that the use of four mesh sizes, between
3 and 4.2 mm, would have resulted in uninterrupted mesh
support throughout and only 26% of total vein length
would have been at risk of relatively mild wall folding.
After 6months, a mesh dilatation of 9% was observed in
the braided meshes7 and 15% to 24% in the knitted meshes.
Themore pronounced dilatation in the knitted meshes may
have been partly attributable to a modest degree of wire
breakage. The predominant location of broken wires in the
patent grafts was in the proximal half that was affected when
the leg was bent in the hip. At the same time, none of the
occluded grafts showed any wire breakage. This suggests
that breakages occurred at a late stage of implantation, with
external motion and prolonged pulse-strain jointly ac-
counting for the fractures. At that stage, the pulsatile effect
of the mesh’s recoil compliance may have been in place
sufficiently long for “training” the muscularity of the vessel
wall. Therefore, despite the higher degree of mesh dilata-
tion, the thicker, more muscular vessel wall in knitted
meshes resulted in a Qc at 6 months of 0.97 vs 0.91 in
braided meshes.8 Both meshes still provided sufficient con-
striction for the vein grafts to remain safely within a shear
stress range that suppressed IH. With no significant influ-
ence of FS used for the attachment of themeshes to the vein
wall, neointimal thickness was 9-times less in mesh-
supported grafts and neointimal area was even 20-times
less. A neointima was sometimes mildly present in areas of
wire breakage in the form of a few layers of smooth muscle
cells, which highlights the role circumferential wall stress
plays on top of shear stress.
Notwithstanding the rather negligible effect of wire
fractures, alternative knitting patterns would likely prevent
breakages without losing pulse compliance. Breakages were
limited to the site where wires were bent at an acute angle as
a result of the uneven knitting pattern where large loops
alternated with narrow ones. Patterns with even knitting
would eliminate these sites of particularly high stress.
Even knits would most likely minimize wire breakage,
however, they would not overcome the challenges imposed
by knitting on the task of inserting the vein into the mesh
without traumatizing the vein. As much as diameter stabil-ty in response to axial mesh compression or stretching is an
dvantage of knitted meshes, it also deprives them of an
dvantage of braided meshes, namely, the ability of easily
eeding the vein graft into an initially larger mesh
iameter—a limitation that may affect the use of the mesh
or long peripheral bypass grafts. Whether this challenge
ay eventually be overcome, by insertion straws or mi-
rowelded longitudinal slits that snap close after insertion
f the vein graft, remains to be seen.
For the time being, the more demanding insertion of
he vein grafts into the knitted meshes may have been the
eason for the lower degree of surface endothelialization
een in the present study compared with its preceding twin
tudy using braided meshes. The absence of wire breakage
n the occluded grafts suggesting early occlusions supports
his presumption.
Nevertheless, the combined benefit of a nearly total
uppression of IH with a more physiologic remodeling
esponse of the media, manifold higher kink resistance, and
or the most part the elimination of anastomotic fraying
ake knitted nitinol meshes a highly attractive concept that
olds a high incentive to overcoming remaining obstacles.
We thank Adcock Ingram, Critical Care, for the gener-
us donation of the Baxter Tisseel fibrin kits used in this
tudy.
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